Composite particles made by growing nanoscopic silicon wires from the surface of monodispersed, microsized silica beads were tested in this study for their ability to affect the integrity and permeability of an epithelial cell layer. Polyethylene glycol (PEG) is known to sterically stabilize particles and prevent protein binding; as such, it is a routine way to impart in vivo longevity to drug carriers. The effect of the silica beads, both with and without silicon nanowires and PEG, on the disruption of the tight junctions in Caco-2 cells was evaluated by means of: (a) analysis of the localization of zonula occludens-1 (ZO-1), claudin-1 and f-actin; (b) measurements of trans-epithelial electrical resistance (TEER); (c) real-time quantitative RT-PCR analysis of the expression of PKC-α and PKC-z, which regulate the fluidity of cell membranes, and RhoA and Rac1, which are mainly involved in mechanotransduction processes; and (d) drug permeability experiments with fluorescein-sodium. The results have shown that Si-nanowirecoated silica microparticles added to Caco-2 cells in culture lead to alterations in tight junction permeability and the localization of ZO-1 and f-actin, as well as to decreased width of ZO-1 and claudin-1 at the tight junction and increased expression of PKC transcripts. Si-nanowire-coated © 2011 Elsevier Ltd. All rights reserved. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Introduction
Out of all routes for drug administration, oral remains the preferred one, and yet it suffers from many drawbacks, including the rapid clearing of the drug by the mucous layer and limited paracellular permeability through the epithelial lining of the gastrointestinal tract [1] . New devices are therefore actively being developed to overcome the low bioavailability of drugs administered orally [2] [3] [4] . Sufficient adhesion of these devices onto mucous surfaces is of great importance in achieving effective drug release over a prolonged period. Our previous work has shown that microsized silica beads coated with silicon nanowires present excellent candidates for adhesive drug delivery devices due to: (a) the facility of their loading with drug suspensions via the capillary effect; and (b) their ability to entwine with and sterically adhere to apical microvilli on the surface of epithelial cells [5] [6] [7] .
In addition to improving the ability of drug delivery carriers to adhere to the apical side of the epithelium, it would be desirable to widen the intercellular junctions and enable more efficient paracellular transfer of the drug across the intestinal epithelial barrier. Tight junctions (TJs), the most apical intercellular structures in epithelial and endothelial cells, provide a crucial structural support to the epithelium, maintain the constitutive cells cohesive and polarized and are the rate-limiting factor for the kinetics of permeation of molecules across this layer [8] . The TJ, an essential pathway for the permeation of drugs across the epithelium of the gastrointestinal tract has the pore size of 1 -3 nm, while the size of conventional water-soluble polymers or conglomerates of hydrophobic drug molecules ranges from few to several hundreds of nanometers [9] . Polymer-drug conjugates and molecular drugs per se whose size exceeds that of the pores of the TJ are therefore traditionally administered by intravenous means so as to avoid the need to cross the gastrointestinal epithelium. To develop drug delivery devices that can enhance oral bioavailability and increase the drug permeability of the TJ are major goals in pharmaceutical sciences.
In this work, we have tested silica beads, with and without silicon nanowires, in both their PEGylated and non-PEGylated forms, for their ability to affect the integrity and permeability of an in vitro model of the human intestinal epithelial layer in culture, which is a vital prerequisite for an effective transfer of the drug across the epithelium. Conjugation of drugs and drug delivery vehicles to polyethylene glycol (PEG) has been routinely used owing to the ability of conjugated PEG to: (a) sterically stabilize particles and prevent binding of plasma protein, thereby prolonging half-life in circulation and imparting in vivo longevity to the drug; (b) reduce immunogenicity; and (c) enhance permeability and retention effect [10] . PEG is also nontoxic, non-immunogenic, non-antigenic, highly soluble in water, FDA-approved, and has been shown to negligibly interfere with the drug release [11] . Caco-2, a human colon carcinoma cell line, was used in this work as an in vitro model for the intestinal epithelial barrier, the integrity of which was tested to the aforementioned drug delivery devices.
Methods

Silica beads (B) and silicon-nanowire-coated silica beads (NW)
NWs were provided by Nanosys, Inc., after being synthesized via a chemical vapor deposition of silicon ions onto silica beads sputtered with gold [12] . The beads were shown to be narrowly dispersed, having a diameter of 30 -50 µm, while nanowires outgrown from the bead surface had the length of 5 -10 µm and the diameter of circa 60 nm (See Supplementary Fig. 1 ).
PEGylated silica beads (B PEG ) and silicon-nanowire-coated silica beads (NW PEG )
The PEGylation protocol was adapted from Papra et al [13] . Hydroxylation of the particle surface was performed by keeping the particles at 80 °C for 5 min in a solution comprising 1.5 ml deionized (DI) H 2 O, 0.3 ml NH 4 OH and 0.3 ml H 2 O 2 . The particles were then cleaned at 80 °C for 5 min with a strong oxidizing solution containing 0.3 ml HCl and 0.3 ml H 2 O 2 in 1.8 ml of DI H 2 O. In-between these two steps, the particles were triply rinsed with water. After drying in ethanol, the particles were dispersed and aged for 3 h at room temperature in 2-[methoxy(polyethyleneoxy)propyl] methoxysilane (PEG silane, Mw = 460 -590 g/mol, Gelest, Inc., Morrisville, PA). This was done by adding the particles into a plastic vial containing 3 ml toluene, 4.41 µl PEG silane and 2.4 µl HCl. After decanting the reactive solution, the particles were washed once in toluene, twice in ethanol and twice more in DI H 2 O. A portion of the particles was then incubated in 20 µg/ml FITC-BSA for 2 h in dark to assess the surface coverage with PEG. A schematic presentation of the PEGylation process is given in Fig. 1. 
Caco-2 Cell Culture
Caco-2 cell line, originally established in 1977 [14] , has been a standard model system for assessing intestinal epithelial permeability [15] and has been previously proven as a useful model for the in vitro investigation of various drug delivery vehicles [16] [17] [18] . The human intestinal Caco-2 cells were obtained from American Tissue Culture Collection (ATCC, Rockville, MD) and cultured in Eagle's Minimum Essential Medium with Earle's Balanced Salt Solution, 1 mM sodium pyruvate, 20% fetal bovine serum (FBS), and 1% penicillinstreptomycin antibiotic solution. In all experiments, the cells were seeded in 24 well plates at a density of 7.5 × 10 4 cells/well on either collagen-coated glass cover slips (Fisherbrand ® ) or in the apical compartments of Transwells™. Every 7 days, the cells were detached from stock cultures by means of trypsin (0.25 wt%) digestion, washed, centrifuged (1000 rpm × 3 min), resuspended in 10 ml media and subcultured in 1:7 volume ratio. The cultures were regularly examined under an optical microscope to monitor their growth and possible contamination. Cell passages 3 -24 were used for the hereby reported experiments.
Immunofluorescence for zonula occludens-1 (ZO-1), claudin-1 and f-actin
Upon confluency, the Caco-2 cells were treated with 2 mg of particles in 500 µl of the cell culture media, and incubated for 2 -6 h at 37 °C. The media with suspended particles were then removed and the cells were washed with phosphate buffer solution (PBS; pH 7.4) and fixed for either 15 min in 3.7 % paraformaldehyde (PFA) or 5 min in − 20 °C methanol. The cells were then washed three times with PBS, 5 min each, and then with the blocking solution (PBT = 1 % Bovine Serum Albumin (BSA), 0.1 % Triton X-100 in PBS) two times, 5 min each. The cells were then blocked and permeabilized in PBT for 1 h and then incubated with 200 µl/well primary antibody, 1:100 rabbit anti-ZO-1 (Zymed Lab) or 1:150 rabbit anti-claudin-1 (Abcam) in PBT overnight. After the overnight incubation, cells were washed with PBS 3 × 10 min and then incubated with 150 µl/well secondary antibody, 1:400 AlexaFluor 555 goat anti-rabbit (Invitrogen), phalloidin-tetramethylrhodamine (AlexaFluor 488, Invitrogen) and 4',6-diamidino-2-phenylindole dihydrochloride nuclear counterstain (DAPI, Invitrogen), all in PBT for one hour and then washed with PBS 3 × 5 min. The cover slips containing the fixed and stained cells were mounted onto glass slides using vectashield and imaged using a confocal laser scanning microscope -C1si (UCSF Nikon Imaging Center) at 10 -100 × magnification. All the experiments were done in triplicates and the staining immunofluorescence pixel intensity was measured from four randomly selected images in each sample. Volume-rendered z-stack images (12 -15 of them) spaced by 1 µm were collected at identical laser intensities and analyzed for the average pixel intensity using ImageJ and NIS Elements software. The thickness of claudin-1 conglomerates at the TJ was measured as half-width of peaks obtained by plotting the fluorescence intensity profiles across the cell boundary.
Real-time polymerase chain reaction (qPCR)
Confluent Caco-2 cells seeded in 24 well plates were treated with 2 mg of PEGylated particles (B PEG , NW PEG ) and incubated for 2, 4 and 6 h. Cell lysis, reverse transcription (Eppendorf) and qPCR (Applied Biosystems, StepONEPlus) were performed using the Fast SYBR Green kit in accordance with the manufacturer's instructions. Each experiment was done in triplicates and each experimental replica was analyzed for mRNA expression in triplicates as well (n = 3 × 3). The expressions of four genes were analyzed: GAPDH, PKC-α, PKC-z, RhoA, and Rac1. The following primer pairs were used: GAPDH forward 5'-CTC TCT GCT CCT CCT GTT CG-3', reverse 5'-GCC CAA TAC GAC CAA ATC C-3'; PKC-α forward 5'-CAA GCA ATG CGT CAT CAA TGT-3', reverse 5'-TCC GCC CCC TCT TCT CA-3'; PKC-z forward 5'-CAC GCG TGA TTG ACC CTT TA-3', reverse 5'-CCC AGC CTG GCA TGC A-3'; RhoA forward 5'-CGG TCC TCC GTC GGT TCT-3', reverse 5'-ACG AAG GCG GGT AGC TGA A-3'; Rac1 forward 5'-AGT GCT CGG CGC TCA CA-3', reverse 5'-CGG ATC GCT TCG TCA AAC A-3'. The real-time PCR results were analyzed using the ΔΔCt method [19] and all the data were normalized to GAPDH expression levels.
Trans-Epithelial Electrical Resistance (TEER) Measurements
Confluent Caco-2 cells seeded in high-density cell culture inserts with high pore density and 0.4 µm pore size (Falcon ® ) placed in 24 well plates were exposed apically to 2 mg of particles (B, NW, B PEG , NW PEG ) in 500 µl of the cell culture media, and incubated for 24 h at 37 °C. Periodically, TEER values were read using an Epithelial Tissue Voltohmmeter (EVOM, World Precision Instruments, Inc., Sarasota, FL). The initial TEER was in the range of 500 -700 Ωcm 2 , which matched the earlier reported range of values for polarized monolayers of confluent Caco-2 cells as well as the typical values corresponding to the epithelial lining of the colon [20, 21] . TEER values were measured before and during the 24 h treatment with the particles. The reported values present averages from four experimental replicas, each one of which was averaged from the results of 3 -5 consecutive measurements. All the data points were normalized to the initial TEER for the given sample and compared with the control. Baseline measurements obtained by adding the same amount of particles to media in empty transwells showed the maximal increase in TEER of circa 25 Ohms for NW particles after 1 h, which was less than the typical change on the order of circa 100 Ohms observed for cell-seeded samples.
Fluorescein-sodium permeability across Caco-2 cell monolayers
Confluent Caco-2 cells seeded in high-density cell culture inserts with high pore density and 0.4 µm pore size (Falcon ® ) placed in 24 well plates were exposed apically to 4 mg of particles (NW, NW PEG ) in 500 µl of the phenol-free cell culture media containing 5 mg/ml of the model drug, fluorescein-sodium (Fluka). After 4 h of incubation at 37 °C, the basolateral compartments, initially containing pure PBS, were analyzed for their content of the drug using a Packard Fluorocount™ fluorometer. The fluorescent model drug was detected with an excitation wavelength of 495 nm and an emission wavelength of 518 nm. All the experiments were done in quadruplicates and each experimental replica was analyzed for fluorescence in triplicates (n = 4 × 3). The initial TEER was in the range of 500 -600 Ωcm 2 and its drop following the addition of the drug and the particles was assessed at different time points (0, 15 min, 30 min, 1 h, 2 h, 3 h, 4h). TEER was plotted as a function of time after normalization of values to the initial TEER for each given cell monolayer.
Results and discussion
Fluorescent optical micrographs of B and NW particles conjugated with FITC-BSA are shown in Fig. 2 . PEGylated particles (B PEG , NW PEG ) displayed markedly less fluorescence on their surface compared to the non-PEGylated ones (B, NW). The small amount of fluorescence from the PEGylated particles comes from the fact that PEGylation, even at Mw(PEG) as high as 6 kDa, does not completely shield the surface against protein adsorption [22] .
The results of experiments designed to assess the effect of nanowire-coated silica beads on the permeability of a model drug compound, fluorescein-Na (376 Da), are shown in Fig. 3 . A statistically significant increase in permeability of the drug with respect to the control was detected upon incubation of cell monolayers with both NW and NW PEG (Fig. 3a) , indicating that both of these types of particles are able to widen the TJ enough to promote increased permeation of a comparatively small molecule across the cell layer. The amount of the model drug that passed from the apical to the basolateral side of Caco-2 monolayers was, however, twice greater for NW than for NW PEG (Fig. 3a) , suggesting that PEGylation of the particles makes them more inert and less prone to alter the permeability of epithelial monolayer and promote greater flux of the drug across it. As can be seen from Fig. 3c , NW particles increase the drug permeability in direct proportion with the amount of NW added to the cell monolayers. As evident from Fig. 3b and Fig. 3d , the magnitude of decrease of TEER during incubation with the drug and the particles correlated with the permeability of the cell monolayers. The magnitude of increase in permeability (decrease in TEER), ranging at around 30-40 % difference with respect to the initial value for the drug alone, is comparable with the previous reports on the effect of drugs on TEER of Caco-2 cell layers [23, 24] . After 4 h of incubation TEER values begin to stabilize and their partial recovery, to approximately 20 % of the initial value, is observed after 18 h (data not shown).
NW particles in combination with the drug thus induced a greater drop in TEER than NW PEG particles coupled to the drug or the drug itself (Fig. 3b) . Incubation with NW and NW PEG particles per se also coincides with loosening of the cell monolayer indicated by a drop in TEER. The chemical nature of the coating of the particles, in this case PEG, can thus play an important role in determining the extent to which the particles can modulate paracellular permeability.
Following incubation with all of the four types of analyzed particles (B, NW, B PEG , NW PEG ), cytoskeletal distribution of f-actin becomes altered as compared to control. As shown in Fig. 4 , f-actin relocalizes to a certain extent to the vicinity of the cell membrane, as indicated by the transformation of its striated pattern that spans across multiple cells to a more cobblestone one. The transition from fibers traversing through the cytoplasm to their localization to the cell periphery is the possible consequence of the mechanochemical stress imposed by the particles onto the epithelial membrane [25] . Similar structural alterations of f-actin cytoskeleton, leading to its condensation in pericellular bands, have been previously observed under the effect of substances that disrupt the intestinal epithelial barrier [26] . In general, the cytoskeletal pattern of actin molecules in the perijunctional region of intestinal epithelial cells tends to be either disrupted and modulated [27] , or thickened and tightened [28] following incubation with particles or enteric biomolecules. As seen in Fig. 4 , although filamentous actin is partially withdrawn to the cell periphery, no disruption in its cytoskeletal pattern is detected. Each cell is still surrounded by six other cells on average, as in agreement with the previous observations on the packing of confluent layers of Caco-2 cells [29] . This seems to indicate that while NW particles alter the TJ permeability, they do not disrupt the overall integrity of the monolayer. Fig. 5 shows the typical cobblestone ZO-1 pattern following incubation with four types of particles (B, B PEG , NW, NW PEG ) for 4 h. ZO-1 structure does not appear disrupted in comparison with the control for any of the particles. The average pixel intensity of ZO-1 fluorescence, however, is significantly increased for both types of PEGylated particles -B PEG and NW PEG (See Supplementary Fig. 2) . Coinciding with the retraction of f-actin towards the cell membrane, the observed changes in the intensity of fluorescent ZO-1 following incubation with the NWs may be seen as indications of ongoing reorganization processes in the TJ region. This can be expected since actin microfilaments have insertion sites on junctional complexes and are engaged in interaction with the intercellular junctions [30] . Any disruption of the TJ, therefore, would result in a disruption of actin cytoskeletal network. ZO-1 has been, in fact, theorized to link the actin cytoskeleton to the TJ via an actin ZO-1 occludin complex [31] . Junctional and cytosolic proteins and actin microfilaments also interact with the C-terminal regions of the transmembrane proteins, contributing to the formation of the columnar epithelial sheet with regularly arranged nuclei and cell boundaries [32] . Specific drug treatments of epithelial cells have been shown previously to induce focal aggregation of TJ proteins which colocalize with disrupted actin at cell borders [33] .
Comparison of the epithelium in contact with the four particles (B, B PEG , NW, NW PEG ) with the untreated epithelium suggests no detectable damaging effects either to the TJ or to the epithelial integrity. Fig. 6a shows colocalization (yellow) of f-actin microfilaments stained in green and ZO-1 molecules immunostained in red. As shown in Fig. 6b , the TJ remains intact when in contact with a NW PEG particle. No marked change in the density of the cell layer and the integrity of the cobblestone ZO-1 pattern was observed, suggesting no negative effects exerted on the cells by the given particles under the in vitro testing conditions applied herein. Moreover, ZO-1 localization does not appear to be disrupted when the amount of NW particles is increased from 10mg to 20mg (Fig. 6c-d) .
The results of immunofluorescent staining of claudin-1 (Fig. 7) , a member of the claudin family of transmembrane proteins (claudin-1 to -24), demonstrate effects on the intercellular pattern of claudin-1 molecules in confluent Caco-2 monolayers following a 4h incubation with the four types of analyzed particles (B, B PEG , NW, NW PEG ). The non-PEGylated particles (B, NW; Fig. 7b,d ) appear to have induced a decrease in the width of claudin-1 conglomerates that localize within the TJ zone (Figs. 7-8) , which is suggestive of loosening of the TJ with respect to the control. In contrast, the same effect was absent when the cells were incubated with the PEGylated particles (B PEG , NW PEG ; Fig. 7c,e) . Unlike claudins-3 and -4 which undergo more striking smearing over the perpendicular projection on the epithelial cell monolayer following incubation with agents that alter paracellular permeability of Caco-2 cells [34] , claudin-1 has been reported to change less in morphology, often exhibiting a similar drop in thickness at the TJ as observed hereby [35] . Overexpression of claudin-4 thus corresponds to increased permeability, while claudin-2 exhibits the opposite effect [36] ; claudin-1, on the other hand, shows less drastic morphological changes upon altering the epithelial barrier. Different permeability enhancers were, for example, shown to induce narrower or more dispersed claudin-1 patterns in comparison with the control, depending on their chemical identity [37] . Still, decreased expression and down-regulation of claudin-1 have been shown to correlate with increased permeability in Caco-2 cells [38, 39] , as in agreement with our findings. Conversely, an increased expression and smearing of claudin-1 molecules in the TJ zone often corresponds to decreased permeability [40, 41] or recovery of the disrupted TJ following a particle treatment of Caco-2 cells.
The paracellular permeability is thought to be inversely proportional to the density of tight junctional strands [42] [43] [44] . A decreased density of claudin-1 molecules in the perijunctional domain following the treatment with the non-PEGylated particles could thus be indicative of higher paracellular permeability. In addition, each TJ strand can be treated as an individual resistor, while the overall TJ could be modeled as an additive series of electrical resistors. The increased amount of claudin-1 following incubation with the NW PEG particles may thus be directly indicative of the comparatively higher electrical resistance measured using TEER (Fig. 3b) . On the other hand, the lower width of claudin-1 conglomerates at the TJ observed after incubation with only non-PEGylated particles (B, NW) indicates their greater propensity to increase the paracellular permeability, as in agreement with the TEER results (Fig. 3b) .
The real-time quantitative RT-PCR data in Fig. 9 show that already after 2 hours of incubation a significant up-regulation of both PKC genes has occurred in cells incubated with NW and NW PEG (Fig. 9a-b) . The overall up-regulation of PKC genes compared to both the control and cells treated with silica beads (B, B PEG ) was shown to be significantly more in cells treated with NW than in those incubated with NW PEG . No statistically significant difference in the mRNA expression between B PEG , NW PEG and the control was detected for RhoA and Rac1 at any of the time points (data not shown). Only when the amount of NW particles added to the cells was quadrupled, Rac1 turns out to be upregulated, along with CDC42 (Fig. 9c) . After 4 h of incubation, the expression of both PKCs in cells incubated with NW and NW PEG becomes significantly higher compared to B PEG and the control; no statistical difference (p < 0.05) was found between B PEG and the control. At the same time, while the expression of RhoA and Rac1 in cells incubated with NW PEG is higher on average compared to B PEG and the control, the higher expression levels were not statistically significant. Although PKC genes affect the TJ by controlling the contraction of apical acto-myosin filaments and coordinating the assembly of adherens junctions, respectively [45] , RhoA and Rac1 regulate many processes related to mechanotransduction, including cell migration processes [46] . Since no cell movement was detected and the integrity of the cell layer was preserved even at highest particle dosages (20 mg per well) and incubation times (24 h), little detectable change in expression of these genes was observed. PKC genes, on the other hand, express proteins involved in regulating epithelial permeability by maintaining the fluidity of the TJ [47] . Up-regulated expression of both PKC-α and PKC-z levels may thus correspond to the observed alteration of the ZO-1 intensity around the TJ, suggestive of increased paracellular permeability. In general, the more fluid the membrane, the greater the expression of PKC-α [48] , a principle which is consistent with our findings. These results suggest that an altered expression of proteins involved in the assembly of the epithelial TJ is responsible for variations in its fluidity and permeability. Finally, CDC42 is a GTPase that regulates f-actin polymerization and depolarization and its up-regulation corresponds to the earlier observed cytoskeletal reorganization following treatments with all types of particles (Fig. 4) .
Based on the results presented here, we can only hypothesize about the reasons why PEGylated NW particles induce lesser loosening of the TJ in comparison with the nonPEGylated ones. To do so, the mechanochemical stress exerted by the particles could be divided to its mechanical and chemical elements. As for the former, it could be presumed that the soft polymeric "shield" of PEG lowers the direct mechanical effect of stiffer silicon nanowires and thus reduces their penetrative effect on the TJ. PEG coatings also appear to affect the cell mechanotransduction pathways by avoiding recognition by surface integrins [49] . As far as the chemical perspective is concerned, the greater biochemical inertness of non-ionic PEG in comparison with the polar, wettable and more reactive oxidized and hydroxylated surface of Si nanowires and gold islands on their tips may explain the observed disparity. For example, microfluidic biosensing devices made of silicon can be coated with PEG so as to minimize the undesired adsorption of proteins onto the microchannel walls [50, 51] . Owing to its protein-repellant nature, PEG resists binding of adjacent biomolecules [52] , an effect which would presumably contribute to the entropic reduction and tightening of the TJ in contact with a PEGylated surface. The addition of a chemically inert, comparatively hydrophobic compound to an aqueous environment results in reduced entropy of the solvent, i.e., in a more rigid and ordered network of hydrogen bonds in the vicinity of the hydrophobic molecules [53] . By analogy, we could propose a similarly direct proportionality between the repulsive inertness of a compound and its effect on restricting the freedom of movement of the adjacent intercellular junctions, leading to their tightening. Previous studies have thus come to conclusion that alcoholic residues of H 2 -antagonists, all of which "tighten" the TJ and reduce the epithelial permeability, had no effect on TEER in Caco-2 cells, whereas amine fragments caused an increase in TEER, suggestive of constricted intercellular spaces of these in vitro models of the intestinal mucous linings [54] . On the other hand, singular and associated -OH − and -O-groups on the surface of silicon in aqueous media could make the surface more prone to adherence of biomolecules, which leads to loosening of the TJ in contact with it. Surface charge effects are also known to be crucial in determining the cellular uptake of particles [55, 56] and their disruptive or integrating effect on the TJ and the cytoskeleton [57] . The surface of cells and most biomolecules is negatively charged, favoring interaction with positively charged surfaces [58] . Our previous studies have shown that neutralization of positively charged surface of silicon nanowires following their conjugation with PEG reduces the adhesion of particles to Caco-2 cells [5] . A lesser surface charge of PEG in comparison with silicon and gold [59] may thus present yet another factor that contributes to its lesser reactivity with the perijunctional molecules and the smaller effect it has on loosening of the TJ.
Conclusion
In this study we evaluated the localization of f-actin filaments, zonula occludens-1 and claudin-1, indicative of the structure of the tight junction, in response to treatment with silicon-nanowire-coated silica particles, with and without PEG conjugation. These protein localization studies were carried out alongside the assessment of the effect of the given particles on the permeability of Caco-2 cell monolayers. The non-PEGylated particles were shown to loosen the tight junction in Caco-2 cells in culture to a greater extent than the PEGylated ones, as indicated by: (a) lower ZO-1 and claudin-1 intensities in the tight junction region; (b) lower width of ZO-1 and claudin-1 conglomerates at the tight junction; (c) more pronounced up-regulation of PKC transcripts; (d) greater drop in TEER values; (e) relocalization of f-actin cytoskeletally to the cell membrane and co-localizing with ZO-1; and (f) increased permeability of the Caco-2 cell monolayer to a model drug, fluoresceinsodium. The analyzed silicon-nanowire-coated silica microparticles were shown to not disrupt the overall membrane barrier integrity in vitro, but still allow for enhanced particle adhesion and drug permeability. The results of this study demonstrate that morphology on the nanoscale is an important consideration, in addition to chemistry, when it comes to design of advanced trans-epithelial drug delivery carriers.
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